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Monoterpenes Inhibit Cell Growth, Cell Cycle Progression, and Cyclin 
Dl Gene Expression in Human Breast Caiieef €ell Lines 

Sylvie Bardon, Karine Picard, and Paule M artel 



Abstract: Monoterpenes are found in the essential oils of 
many commonly consumed fruits and vegetables. These com- 
pounds have been shown to exert chemopreventive and 
chemotherapeutic activities in mammary tumor models and 
represent a new class of breast cancer therapeutic agents. 
In this study, we investigated the effects of limonene and 
limonene -related monoterpenes, perillyl alcohol and perillic 
acid, on cell growth, cell cycle progression, and expression 
of cyclin Dl cell cycle-regulatory gene in T-47D, MCF-7, 
and MDA-MB-231 breast cancer cell lines. Our results re- 
vealed that limonene- related monoterpenes caused a dose- 
dependent inhibition of cell proliferation. Of the three 
monoterpenes tested, perillyl alcohol was the most potent 
and limonene was the least potent inhibitor of cell growth. 
The enantiomeric composition of limonene and perillyl 
alcohol did not interfere with their effect on cell growth. 
Sensitivity of breast cancer cell lines to monoterpenes was 
in the following order; T-47D > MCF-7 > MDA-MB-231. 
Growth inhibition induced by perillyl alcohol and perillic 
acid was associated with a fall in the proportion of cells in 
the S phase and an accumulation of cells in the Gi phase of 
the cell cycle. Finally, we showed that the effects of li- 
monene -related monoterpenes on cell proliferation and cell 
cycle progression were preceded by a decrease in cyclin Dl 
mRNA levels. . . 

Introduction 

Monoterpenes are natural plant products found in the 
essential oils of many commonly consumed fruits and vege- 
tables. For nearly 50 years, they have been widely used as 
flavor and fragrance additives in food and beverages. A 
number of recent studies have shown that monoterpenes 
possess antitumohgenic activities and suggest that these 
compounds represent a new class of agents for cancer 



chemoprevenuon (1,2). Limonene, the simplest and most 
frequently occurring monocyclic monoterpene, and perillyl 
alcohol, a hydroxylated limonene analog, have demonstrated 
chemopreventive and chemotherapeutic activity against a 
variety of organ-specific cancers in rodent models, including 
skin, lung, pancreas, colon, and mammary cancers (2-5). 
Dietary administration of limonene or perillyl alcohol can 
inhibit tumor formation and cause complete regression of 
early or advanced chemically induced mammary carcinomas 
(6,7). A 7.5% dietary level of limonene is required to induce 
tumor regression, whereas perillyl alcohol has been shown 
to be 5-10 times more potent than limonene at inducing 
tumor regression (7). Limonene and perillyl alcohol are rap- 
idly metabolized in a similar manner by humans and rats, 
and their major circulating metabolite is perillic acid (2,7). 
Monoterpenes do not cause systemic toxicity at (he doses 
required to induce regression of mammary carcinomas. On 
the basis of these data, monoterpenes are currently being 
tested in phase I clinical trials on advanced cancer patients 
in the United Kingdom (8) and the United States (9). 

Antiproliferative effects of limonene, perillyl alcohol, and 
their metabolite perillic acid have been previously reported 
in vitro in several cell lines, including NIH/3T3 rat fi- 
broblasts. HT-29 human colon carcinoma cells, and PANC- 1 
human pancreas carcinoma cells (10. 1 1). However, the di- 
rect effects of monoterpenes on breast cancer cells have not 
been described. 

The present study was designed to investigate the effects 
of monoterpenes in three human breast cancer cell lines, 
T-47D. MCF-7, and MDA-MB-231. We evaluated the ef- 
fects of monoterpenes on cell proliferation, cell cycle pro- 
gression, and expression of the oncogene cyclin Dl. which 
is involved in the regulation of the cell cycle and often 
amplified or overexpressed in breast carcinomas (12,13). 
We compared the effects of limonene. perillyl alcohol, and 
perillic acid. 
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Materials and Methods 



RNA Isolation and Northern Blot Analysis 



Monoterpenes 

The two optically active forms (R and S) of Umonene 
and perillyl alcohol were purchased from Sigma-Aldrich 
Chemical (St. Qucntin Fallavier, France). (5)-perillic acid 
came from Extra- Synthcsc (Genay, France). 

Cell Lines and Culture Conditions 

T-47D cells were ohtained from American Type Culture 
Collection (Rockville, MD); MCF-7 and MDA-MB-231 cell 
. lines were kindly provided by Dr. Francoisc Vignon (1N- 
SERM U148, Montpellier, France). T-47D cells were rou- 
tinely cultured in RPMI medium, MCF-7 in 1:1 Dulbecco's 
modified Eagle's mediura-F-12 medium, and MDA-MB- 
231 cells were grown in Dulbecco's modified Eagle's me- 
dium (GIBCO BRL, Life Technologies, Cergy-Pontoise, 
France). All cell lines were maintained in medium supple- 
mented with 10% fetal calf serum (FCS), penicillin (25 
U/ml), and streptomycin (25 u.g/rnt) (GIBCO BRL). Cells 
growing as monolayers were kep( at 37°C in a humid at- 
mosphere in the presence of 5% C0 2 . 

Cell Growth Experiments 

Cells were plated on 15-rnnvdiameter wells (24- well 
plates, ICN Linbro, Orsay, France) at a density of 2 5 x 10* 
cells/well in 3% FCS-supplemented medium. One day after 
plating, monoterpenes dissolved in ethanol at 1,000-fold fi- 
nal concentration were diluted with culture medium and 
added (o cells. Control wells were treated with ethanol to 
the same final concentration. Medium was changed every 
two days. At the end of the treatment, cells were rinsed with 
a phosphate- buffered saline solution and fixed with metha- 
nol. The amount of cellular DNA was evaluated using the 
3,5-diaininobcnzoic acid di hydrochloride fluorometric assay 
(Sigma Chemical) (14). DNA content (mean ± SD) was 
calculated from ni plicate wells. 

CeD Cycle Analysis 

Near-confluent T-47D cells were treated with 0.5 mM 
perillyl alcohol, 1 mM perillic acid, or ethanol vehicle for 
48 hours in 5% FCS-supplemented medium. Cells were col- 
lected by trypsinization, washed two times in cold phos- 
phate-buffered saline, and fixed in cold 66% ethanol. Cells 
(ICrVml) were then permeabilized and stained with a 
propidium iodide solution (Coulter DNA-PREP reagents, 
Coultronics. Margency, France). Flow cytometric analysis 
of stained cells was performed on a Coulter Elite ESP flow 
cytometer (Coultronics), and histograms were analyzed us- 
ing Multicycle AV software (Phoenix Flow Systems). 



Monoterpenes were added to cells in exponential growth. 
After six hours of treatment, RNA was extracted from trip- 
licate 60-mm cell culture dishes using guanidine isothiocy- 
anate, according to the procedure described by Chomczynski 
and Sacchi (15). The concentration of RNA was determined 
spectroph()lofrietncally at 260 run. Thirty micrograms of total 
RNA were loaded on a 1% agarose- formaldehyde gel and 
transferred to nylon Hybond N 4 filters (Amcrsham. Les ULis, 
France). The blots were tber^h^^id^zed with human cyclin 
Dl cDNA probe (obtained"TrOnT Dr. David Beach, Cold 
Spring Harbor, NY) (16) radiolabeled with la- 32 P]dCTP 
(Amersham) by random primer extension (Stralagene mul- 
Uprirne DNA labeling system, Ozyme, Montigny le Bretnn- 
neux, France). Cyclin Dl mRNA abundance was quantitated 
by electronic autoradiography (Packard Instant Imager). The 
data were expressed in arbitrary units, and all values were 
standardized with levels of 18S rRNA. 

Statistics 

Values are means ± SD. Statistical significance was de- 
termined using Student's /-test, with p < 0.05 evaJuated as 
statistically significant- 
Results 

Comparative Effects of Monoterpenes on the Growth of 
Three Human Breast Cancer Cell Lines 

Limonene and perillyl alcohol occur naturally in the (R) 
and (5) optically active forms and as (R-S) mixtures. We 
compared the effects of (/?> and (5)- limonene, (/?)- and 
(SJ-pcrillyl alcohol, and (S)-periIlic acid on the growth of 
T-47D, MCF-7, and MDA-MB-231 cell lines for six days. 
A range of monoterpene concentrations from 10 jiM to 3 
mM was tested (Figure 1). 

The minimum concentration of (/?)- and (S) limonene 
that elicited a significant decrease (15%) in the growth rate 
of T-47D cells was 3 mM, the highest concentration tested 
(Figure 1). MCF-7 and MDA-MB-231 cell proliferation was 
not affected by limonene. No difference was noted between 
the effects of the two optical forms of limonene. 

Both enantiomers of perillyl alcohol markedly inhibited 
breast cancer cell growth in a dose-dependent manner (Figure 
I). A significant inhibition of cell proliferation was seen with 
(/*)- or (5)-perillyl alcohol from 10 faM in T47D cells and 
from 0.1 mM in MCF-7 and MDA-MB-231 cells. (/?)- and 
(J)-perillyl alcohol produced a 90% inhibition of growth ai 1 
mM in T-47D and MCF-7 cell lines, whereas 3 mM was 
necessary to attain the same growth inhibition in MDA-MB- 
231 cells. In the three cell lines the antiproliferative effect of 
(/O-periHyl alcohol was identical to that of (5>pcnllyl alco- 
hol. Therefore, the following experiments were carried out 
with (S)-perillyl alcohol only. Figure 2 shows the time course 
of the effects of perillyl alcohol After three days of treatment. 
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Figure 1. Dose response of breast cancer ceil proliferation to mono ter- 
pens. T-47D, MCF-7, and MDA-MB-23 1 ceU* were exposed for 6 days 
to increasing concertcrabons of (A)-ltmonene (filled triangles), (S)- 
hmonene (open triangles), (Rypcriiiyi alcohol (JlUed circles), (5>-periUyl 
alcohol (open circles)* or (S) penJIic acid (open squares). Controls (Q 
were orated with ethanol alone. At end of treatment, DNA cooeen* was 
evalaaced using fluorescence diammobenroic acid assay on triplicate wells 
for each determination. Values are moans ± SD. 
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Figure X Growth curves of breast cancer cells cultured in presence of 
perillyt alcohol. T-47D. MCF-7. and MDA-MB-231 cefb were treated 7. 
6, 5, 4, and 3 days before DNA assay with 0 1 mM (filled squares). 05 
mM (filled circles), and 1 mM (filled mangles) pcnllyl alcohol or with 
•cfveot alone (open cirtlet). Values are means ± SD of 3 exterminations. 
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0. 1 mM pcrillyl alcohol exerted a significant antiproliferative 
effect in T-47D cells, whereas six days were necessary to 
obtain a similar effect in MCF-7 cells. However, in both cell 
lines, 1 mM perilry 1 alcohol had a cytotoxic effect after seven 
day s of treatment. The MDA-MB-23 1 cell line was consider- 
ably less sensitive to the growth- inhibitory effects of pcrillyl 
alcohol, which produced only a 55% growth inhibition at 1 
mM after seven days of treatment. 

PeriUic acid inhibited breast cancer cell proliferation in a 
concentration-dependent manner, as shown in Figure I, The 
inhibition of T47-D cell proliferation was significant from 10 
M.M (17% inhibition) and reached 90% at 3 mM. To a lesser 
extent, perillic acid affected MCF-7 cell growth, which was 
reduced by 16% at 50 uM and by 66% at 3 mM. MDA-MB- 
23 1 cell growth was only slightly affected by perillic acid, 
which reduced cell proliferation by 26% at a concentration of 
3 mM. The time course study presented in Figure 3 showed 
that 1 mM perillic acid significantly inhibited T-47D cell 
proliferation from Day 3 of treatment (38% inhibition), 
whereas five days were necessary to attain a similar degree of 
inhibition in MCF-7 cells. After seven days of treatment, 1 
mM perillic acid reduced cell growth rate by 70% in T-47D 
ceils, 35% in MCF-7 cells, and 17% in MDA-MB-23 1. We 
observed that 3 mM perillic acid exerted a cytostatic effect on 
T-47D cells during the seven days of study. MCF-7 cell 
growth was markedly inhibited by 3 mM perillic acid but was 
not totally arrested, with a 70% inhibition a( Day 7 of 
treatment. In the least-sensitive MDA-MB-23 1 cells, a maxi- 
mum decrease in proliferation of 32% was observed after 
seven days of treatment with 3 mM perillic acid. 

Effects of Monoterpenes on Cell Cycle Phase 
Distribution 

To further elucidate the effects of monoterpenes on breast 
cancer cell growth, the distribution of T-47D cells between 
the G, r G lf S.and G ; + M phases of the cell cycle was recorded 
after 48 hours of treatment with 0.5 mM pcrillyl alcohol or I 
mM perillic acid. Figure 4 shows that pcrillyl alcohol and 
perillic acid induced an accumulation of T-47D cells in the 
Gj phase. This increase was associated with a dramatic 
decrease in the percentage of S phase cells (>65% inhibition) 
and, to a lesser extent, in the proportion of cells in the G 3 + M 
phase (26-35% inhibition). Perillyl alcohol at 0.5 mM was 
slightly more effective than 1 mM perillic acid to induce 
changes in T-47D cell cycle phase distribution. 

Effects of Monoterpenes on Cycfin Dl Gene Expression 

Changes in the rate of breast cancer cell cycle progression 
are often associated with changes in cyclin Dl gene expres- 
sion (17). To provide some insight into the possible effect 
of monoterpenes on cyclin Dl gene expression, we carried 
out Northern blot analysis on total RNA from T-47D and 
MCF-7 cells treated with 0.5 mM pcrillyl alcohol or I mM 
perillic acid and from MDA-MB-23 1 cells treated with I 
mM perillyl alcohol or 3 mM perillic acid. Figure 5 shows 
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Figure 3. Growth curves of breast cancer cells culiuied in presence of 
perillic acid. T 47D, MCF-7. and MDA-MB-23 1 cells were treated 7, 6, 
5, 4, and 3 days before DNA assay with 1 mM {filled circles) and 3 mM 
{filled iriimgUs) perillic acid or wiih lolvent atone (JitUd squares). Values 
arc means ± SD of 3 determinations. 

that, in the three cell lines, monoterpene treatment resulted 
in a reduction in cyclin Dl mRNA levels. This effect was 
observed within 6 hours of treatment with monoterpenes 
and remained constant over 24 hours (not shown). 
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Figure 4. Change* ia T-47D cell cycle phase distribution after rooootcr- 
pene treatment. T-47D cells wen treated with perillyl alcohol (0.5 mM). 
perillic acid (1 mM). or solvent alone and harvested after 48 h for 
determination of cell cycle phase distribution by flow cytometry. Values 
are means ± SD. 

Discussion 

Monoterpenes represent a new class of naturally occur- 
ring therapeutic agents against breast cancer. Limonene , the 



simplest monocyclic monoterpene, and perillyl alcohol, a 
hydroxylated limonene analog, are capable of increasing tu- 
mor latency, decreasing tumor multiplicity, and causing re- 
gression of rai mammary carcinomas (2.6,7). 

Because of the in vivo effects of monoterpenes on mam- 
mary tumors, it was of interest to study the direct effects of 
these compounds on the growth of human breast cancer cells. 

In the present report we have clearly demonstrated that 
monoterpenes can inhibit the growth of human brcasl cancer 
cell lines in culture. Among the compounds tested, the most 
potent inhibitor of cell proliferation in the three cell lines 
studied was found to be perillyl alcohol, whereas limonene 
was the least effective inhibitor of cell proliferation. These 
results are in agreemenuwjyt^^v/y^ data showing that 
monoterpenes induce the regression of chemically induced 
ral mammary carcinomas and that perillyl alcohol is greater 
than five times more potent than limonene in regressing 
mammary tumors (7). The concentrations of monoterpenes 
required to inhibit cell proliferation (50% inhibition concen- 
tration = 0. 1 mM for perillyl alcohol and 0.4 mM for perillic 
acid in the T-47D cell line) were similar lo the serum levels 
of terpene metabolites in rats fed perillyl alcohol (7). 

Because limonene and perillyl alcohol occur naturally in 
the (/?) and (5) optically active forms, we tested the effects 
of both enantiomers on the growth of breast cancer cells. 
Results indicated that the effects of (/?) enantiomers were 
not different from those of (5) enantiomers. A recent in vitro 
study in the PANC-1 pancreas carcinoma cell line has also 
reported mat there is no enantiomeric specificity for antipro- 
liferative effects of perillyl alcohol in these cells (11). 

Several mechanisms of monoterpene action have been 
previously explored. First, it has been shown mat monoter- 
penes induce changes in carcinogen -metabolizing hepatic 
enzymes in dimethylbenz[a] anthracene- induced mammary 
tumors in rats (18). On another band, molecular studies have 
reported an increase in mannose 6-phosphate/insulin growth 
factor II receptor expression associated with an increase in 
transforming growth factor- P expression in monoterpene- 
treated regressing mammary rumors (19,20). Finally, in vitro 
studies in KIH/3T3 fibroblasts and in M600B nontraiuformed 
mammary epithelial cells have shown that monoterpenes can 
inhibit the post translation al isoprenylation of small G pro- 
teins such as growuVcontrollingRas oncoproteins (21). How- 
ever, a recent study has reported that limonene and perillyl 
alcohol are unlikely to inhibit cell growth -by inhibiting Ras 
function in the PANC-1 pancreas carcinoma cell line (11). 

To elucidate the effects of limonene-related monoter- 
penes on the growth of breast cancer cell lines, we tested 
their effects on T-47D cell cycle phase distribution. A pro- 
nounced decrease in the percentage of cells in the S phase 
and a corresponding increase in the proportion of cells in 
the G, phase were associated with antiproliferative action 
of perillyl alcohol and perillic acid. It has been reported mat 
changes in breast cancer cell cycle distribution are often 
related to alterations of the expression of cell cycle-related 
genes and, especially, cyclin genes (17). Within the cyclin 
family, cyclin Dl plays a major role in cell cycle control 
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Figure S. Modulation of cyclin Dl (Cyc Dl) mRNA expression by rnonoterpenes in human breast cancer cells. T-47D, MCF-7. and MDA-MB-231 cells 
were exposed for 6 h to 0.5 mM peril! y I alcohol, I mM perilUc acid, or ethanol vehicle. Total RNA wai extracted and analyzed by Northern blotting^ 
Cyclin Dl hybridization signals were quantitated by electronic autoradiography and standardized to IBS rRNA signals. Values are expressed as pcrceata/ ' 
of cyclin D 1 signal from control cells and are representative of 3 separate experiments. V~ 



and is considered a breast cancer oncogene (13). Several 
studies have reported that cyclin Dl gene expression can be 
inhibited by antiproliferative agents in breast cancer cell 
lines (17,22,23). We showed in this study that perillyl al- 
cohol and perilltc acid induced a reduction of cyclin Dl 
mRNA levels that preceded their effect on breast cancer cell 
cycle progression and ceil growth. 

In summary, we presented evidence that rnonoterpenes 
can affect the growth of breast cancer cells in culture. We 
showed that perillyl alcohol and perilltc acid exerted a dose- 
dependent inhibitory effect on the proliferation of T-47D 
and MCF-7 hormone -dependent cells and MDA-MB-23I 
hormone-independent cells. Our data indicated a range in 
sensitivity among breast carcinoma cell lines. Of the three 
cell lines, T-47D was the most sensitive to antiproliferative 
effects of rnonoterpenes and MDA -MB -231 the least sensi- 
tive. Whether the difference in the sensitivity of the three 
cell lines to rnonoterpenes is linked to their hormone receptor 
status or other molecular genetic differences remains to be 
determined. The antiproliferative action of limonene-related 
rnonoterpenes was correlated with an accumulation of cells 
in the G, phase and a decrease in the proportion of cells in 
the S phase. This G r S arrest was preceded by a decrease 



in cyclin Dl mRNA levels, suggesting thai the inhibition 
of cyclin Dl gene expression after monoterpene treat ment 
may partially contribute to tumor cell growth suppression. 
Further studies, including detailed analysis of the effects of 
rnonoterpenes on the regulation of cell cycle-related genes, 
are necessary to clarify these findings. Such studies will 
improve understanding of the mechanisms of antiprolifera- 
tive action of these new chemopreventive* agents. 

Acknowledgments and Notes 

The authors thank Dr. D. Beach for the gift of the cyclin Dl cDNA, 
Dr F. Vignon for providing MCF-7 and MDA-MB-231 cell lines, and 
M. L Jourdan for assistance with flow cytometry. Address reprinl requests 
to Dr. Sylvie Barton, Laboratoire de Nutrition et Security Alimerttturc. 
instinK National de la Recherche Agronoroxquc. 78352 Jouy-en-Josas cedex! 
France FAX: 33 01 34 65 23 II E-mail: hardon^diamanLjouy inra.fr. 

Submitted 2 March 1998; accepted in final form 15 luly 1998. 
References 

I. Kellofr. GJ, Boone, CW. Crowell, JA, Steele. VE, Ubel, RA. et ai.: 
New agents for cancer chemoprevention. J Cetl Biockem 26S I-2& 
1996 



6 



Nutrition and Cancer 199^ 



2 Crowell. PL, and Gould. MN: Chetnoprevention and therapy of cancer 
by d-limonene. Crit Rev Oncojt 5, 1-22. 1994. 

3 Wattenberg. LW, ind Coccia. JB: Inhibition of 4-(raetbylnrtroaarnino)- 
l-<3-pyridyl)-l-butanone carcinogenesis in mice by ^-lirnonenc and 
cirrus fruit oils. Carcinogenesis 12, 115-117. 1991. 

4. Stark, MJ, Burke. YD. McKinzie, IH, Ayoubi, AS, and Crowdl, PL: 
Chemotherapy of pancreatic cancer with the monoterpene periUyl al- 
cohol. Cancer Lett 96, 15-21. 1995. 

5 Reddy. BS. Wang. CX. Sarnaha, H Lubei, R, Steele, ve. et al.: 
Cherno prevention of colon carcinogenesis by dietary periilyl alcohol. 
Cancer Res 57, 420-^25. 1997. 

6 Haag, JD, Urxlsrrorn, MJ. and Oodd, MN: Urnonene-iaduced regies 
sion of mammary carcinomas. Cancer Res 52, 4021-4026, 1992. 

7. Haag, JD, and Gould, MN; Mammary carcinoma regression induced 
by periilyl alcohol, a hydroxylated analog of limonene. Cancer 
Chemother Pharmacol 34. 477-483. 1994. 

8 McNamee, D: Limonene trial in cancer. Lancet 342, 801. 1993. 

9. Gould, MN: Cancer cherooprcvenoon and therapy by monotcrpcoes. 
Environ Health Ptrspect Suppl 105, 977-979, 1997. 

10. Crowell, PL Ren. Z» Lin. S. Vedejs. E and Gould, MN: Structure- acuvity 
relationships among monoterpene inhibitors of pro tin isoprenylation 
and cell proliferation. Bittchem Pharmacol 41, 1405-1415, 1994. 

11. Karlson, J, Borg- Karlson, AK, Uoclius. R, Shoshan, MC, Wilking. N. 
et al: Inhibition of tumor cell growth by rnonoterpenes tn vitro, evi- 
dence of a ras- independent mechanism of action. Anticancer Drug 7, 
422-429, 1996. 

12 Gillett, C, Fond, V, Smith, R. Fisher, C Bartek, J, et al.: Amplification 
and overexpresskm of cyclin Dl in breast cancer detected by immu- 
nohtstocheraistry staining. Cancer Res 54, 1812-1817, 1994. 

13 Hinds. PW, Dowdy. SF, Eatoa EN. Arnold. A, and Weinberg. RA: 
Function of a human cyclin gene as an oncogene. Proc Nati Acad Set 
USA 91, 709-713. 1994. 



14. Goppclt-Sruebe, M. and Golombek. M Pluoromecnc delernunation of 
the DNA content of cells cultured in tissue culture plates. J Immunol 
Methods 151, 245-248. 1992. 

15. Chomczynski. P. and Sacchi. N: Single-step method of RNA isolation 
by acid guanidiruum tfuocyanate phenol -c hi ore form extraction. Anal 
Biochem 162, 156-159. 1987. 

16. Xyong, Y. Connoly, T. Putcher. B, and Beach. D: Human D-type 
cyclin. Cell 65, 691-699. 1991. 

17. Sutherland, RL, Hamilton. JA, Sweeney. KJ. Watts. CK. and Mus 
grove. EA: Expression and regulation of cydio genes in breast cancer. 
Acta Okcol 34, 651-656. 1 995. 

IB. Maltzman, TH. Chnstou, M. Gould. -M^juad Jc/coate, CR: Effect* 
of mono terpenoids on in vivo DMBA-E>FfA~ adduct formation and on 
phase I hepatic metabolizing enzymes. Carcinogenesis 12, 2081- 
2087. 1991. 

19. Julie, RL, Haag. JD, Axiazi. EA and Gould. MN: Increased martnose 
6- phosphate/insulin -like growth factor II receptor and transforming 
growth factor -0, levels during monoterpene- induced regression of 
mammary tumors. Cancer Res 53, 3849-3852, 1993 

20. Ariazi, EA. and Gould, MN: Identifying differential gene expression 
in cooooterpene -treated rnammary carcinomas using subsvaebve dis- 
play J Biol Chem 271, 29286-29294, 1996 

21 Crowell. PU Chang, RR, Ren, Z, Elton, CE. and Gould, MN: Se- 
lective inhibition of isoprenyialton of 21-26-kDa proteins by the an- 
ticaxanogco </-limonenc and its metabolites. J Biol Chem 266, 
17679-17685, 1991 

22. Musgrove. EA, Hamilton, JA. Lee, CSL Sweeney KJE, WatU, CKW. 
et al.: Growth factor, steroid, and steroid aniagooirt regulation of cyclin 
gene expression associated with changes in T-47D human breast cancer 
cell cycle progression, kfol Cell Biol \\ 3577-3587, I99.V 

23. Bar don, S, and Raxanamahefa, L: Rebooic acid suppresses auuiin- in- 
duced cell growth and cyclin Dl gene expression in human breast 
cancer cells. Int J Oncol 12, 355-359. 1998 



Notice of References Cited 



Application/Control No. 

09/455,543 



r ilicant(s)A 5 ^[ent Under Reelam 



Examiner 



Patricia Patten 



Bessette et al. 



Art Unit 
1651 



U.S. PATENT DOCUMENTS 



Page 1 of 1 



Document Number 

Country Code-Number-Kind Code 



Dale . 

VM-VYYY 



Name 



Classification 7 



j D 
: E 

F 
G 



H . 

i i 



K !. 



1 



FOREIGN PATENT DOCUMENTS 



! Document Number Date 

' Country Codc-Numbcr-Kind Code I MM-YYYY 



Country 



Name 



Classification 2 



N 



i 0 ' 



| P i 

1 0 ! 

r r 



NON PATENT DOCUMENTS 



i : 



! Include, as applicable: Author, Title, Date, Publisher, Edition or Volume, Pertinent Pages 



Gura, T. SYSTEMS FOR IDENTIFYING NEW DRUGS ARE OFTEN FAULTY; Science, Vol.278, 1997, pp. 104M042. 



! U 



w 



• A copy of this reference is not bemg furnished with this Office action. See MPEP I 707.05(a). 1 Dates in MM-YYYY format are publication dates. ' Classifications may be U.S. or foreign. 



U. S. Patent and Trademark Office 
DTO.QQO /Daw 



fVls\tioA A# Dfilorfinr«oe Cttari 



Port r»f Panor Mr* Ifi 



CANCER MODELS ( X/QfLt't ' r C uUC 

Systems for Identifying New 
Drugs Are Often Faulty 




Screening potential anticancer drugs sounds 
easy. Just take a candidate drug, add it to a 
tumor type of choice, and then monitor 
whether the agent kills the cells or inhibits 
cancer growth. Too bad it hasn't been that 
simple. Even as investigators try to develop a 
new generation of more effective and less 
toxic anticancer drugs that directly target 
the gene changes propelling cells toward un- 
controllable division (see p. 1036), they face 
a long-standing problem: sifting through po- 
tential anticancer agents to find ones 
promising enough to make human clinical 
trials worthwhile. 

Indeed, since formal screening began in 
1955, many thousands of drugs have shown 
activity in either cell or animal models, but 
only 39 that are used exclusively for che- 
motherapy, as opposed to supportive care, 
have won approval from the U.S. Food and 
Drug Administration. ' The fundam ental 
pro blem in drug disco ve r^ or cancer js.ttot 
the n\odeil _ s"^te^ris"are not predictive at 
aQ," says Alan Oliff, executive director for 
cancer research at Merck Research Labora- 
. tories in West Point, Pennsylvania. 

Pharmaceutical companies often test drug 
candidates in animals carrying transplanted 
human tumors, a model called a xenograft. 
But not only have very few of the drugs 
that showed anticancer activity in xeno- 
grafts made it into the clinic, a recent study 
conducted at the National Cancer Institute 
(NCI) also suggests that the xenograft mod- 
els miss effective drugs. The animals appar - 
ently do not handle thed^uffiexa^yjhe^way 
die hurianl^dba. /u^riej^cto use 
human cells in culture don't seem to be faring 
any better, partly because cell culture pro- 
vides no information about whether a drug 
will make it to the tumor sites. 

The pressure is on to do better. So re- 
searchers are now trying to exploit recent dis- 
coveries about the subtle genetic and cellular 
changes that lead a cell toward cancer to cre- 
ate cultured cells or animal models that accu- 
rately reproduce these changes. The real 
challenge for the 1990s is how to maximize 
our screening systems so that we are using the 
biological information that has accumulated," 
says Edward Sausville, associate director of the 
division of cancer treatment and diagnosis for 
the developmental therapeutics program at 
the NCL "In short, we need to find faithful 
representations of carcinogenesis." 

The first efforts to do so date back to the 
end of World War II, when hint* began 



emerging that some chemicals might rteve 
cancer-fighting effects. That evidence en- 
couraged many chemists to explore the anti- 
cancer potential of similar agents shelved in 
their laboratories. And after commercial in- 
terests decided against helping the academ- 
ics set up an efficient way to screen their 
chemicals, the NCI stepped in. 

The institute started by pulling together 
mouse models of three tumors: a leukemia, 
which affects blood cells; a sarcoma, which 
arises in bone, muscle, or connective tissue; 
and a carcinoma, the most common type of 
cancer, which arises in epithelial cells and 
includes such major killers as breast, colon, 
and- lung cancers. Ini- 
tially, many of the agents 
tested in these models ap- 
peared to do well. How- 
ever, most worked against 
blood cancers such as leu- 
kemia and lymphoma, as 
opposed to the more com- 
mon solid tumors. And 
when tested in human can- 
cer patients, most of these 
compounds failed to live up 
to their early promise. 

Researchers blamed the 
failures on che fact that 
the drugs were being tested 
against mouse, not human, 
tumors, and beginning in 
1975, NCI researchers 
came up with the xenograft 
models, in which investiga- 
tors implant human tumors 
underneath the skin of mice 
with faulty immune sys- 
tems. Because the animals 
can't reject the foreign tis- 
sue, the tumors usually 
grow unchecked, unless 
stopped by an effective 
drug. But the results of 
xenograft screening turned 
out to be not much better than those obtained 
with the original models, mainly because the 
xenograft tumors don't behave like naturally 
occurring tumors in humans — they don't 
spread to other tissues, for example. Thus, 
drugs tested in the xenografts appeared effec- 
tive but worked poorly in humans. "We had 
basically discovered comrx)undsj Kat were 
good mouse drugs rather than goo3 human 
drugs," says Sausville. 

The xenograft models may also have 



+/+ 



missed effective drugs. When Jacqueline 
"Ttowman's team at NUl tested 12 antican- 
cer agents currently used in patients against 
48 human cancer cell lines transplanted in- 
dividually into mice, they found that 30 of 
the tumors did not show a significant re- 
sponse — defined as shrinking by at least 
50% — to any of the drugs. 

Researchers have not yet figured out why 
so many of the xenografts were insensitive to 
the drugs. But the NCI team says that the 
result means that drugs would have to be 
screened against six to 12 different xenografts 
to make sure that no active anticancer drugs 
were missed. That's an expensive proposition, 
as the average assay costs about $1630 when 
performed by the government and $2900 
when done commercially, "I cannot get on 
my pulpit and say that the way we are doing 
this is the best way, because I don't think 
there is a good way to do it," says Sausville. 

To create better models of cancer devel- 
opment in humans, investigators are now 
drawing on the growing 
I knowledge of human 
t cancer-related gene mu- 
rations. They are geneti- 
cally altering mice so that 
m they carry the same kinds 
I of changes — either ab- 
- normal activation of 
cancer-promoting onco- 
genes or loss of tumor- 
suppressor genes — that 
lead to cancer in humans. 
The hope is that the mice 
will develop tumors that 
behave the same way the 
human tumors do. 

So far, the results 
from these mouse models 
have been mixed, how- 
ever. One mutant mouse 
strain, for example, lacks 
a working APC gene, a 
tumor suppressor that 
leads to colon cancer 
when lost or inactivated. 
This mouse seems to do 
well at re-creating the 
early signs of colon can- 
cer. But in the later stages 
of the disease, the type of 
mutations in the tumors 
begin to diverge from those in human colon 
cancer, and the disease manifests itself differ- 
ently as well. It spares the liver, for example, 
unlike the human cancer. 

Other new mouse models have fared even 
worse. Take the one in which the retino- 
blastoma (RB) tumor-suppressor gene was 
knocked out. In humans, loss of RB leads to a 
cancer in the retina of the eye. But when the 
gene is inactivated in mice, the rodents get 
pituitary gland tumors. And BRCAI knock- 




Not a matched pair. In the 
cionogenlc assay (top), tumor ceils 
with (+/+) and without (-/-) the p21 
gene responded similarly to radia- 
tion. But In mice, the p21- tumors 
often shrank, while those having 
the gene never did. 
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^* . a- which arc supposed to simulate human 
breast and ovarian cancer— don't get any tu- 
mors at alL "One might expect that these 
animals would also mimic human symptoms, 



genie assays have their problems, too. Some- 
times they don't work because the cells sim- 
ply fail to divide in culture: And the results 
cannot tell a researcher how anticancer drugs . 



not just the genetic mutations," says mol^cu- ^ will act in the body, 
lar biologist Tyler Jacks of the Massachusetts What's more, new results from Bert Vo 



Instituted Technology. "In fact, that is usu 
ally die exception, not the rule." 

Why gene knockouts in mice have effects 
so different from those of the corresponding 
mutations in humans is unclear. One possibil - 
in' is rhat in mice, other genes can compensate 
for a missing gene, such as t>ro.Ai . /\nou\er, 
says Jacks, is that "the genetic wiring for 
growth control in mice and hu- 
mans is subtly different." 

The limitations of animal 
models have spurred the NCI, 
among others, to test drug can- 
didates in cultures of human 
cells. Thp institute now relies 
on a paripl of 60 human tumor 
cell lines; including samples of 
all the major human malignan- 
cies. Drugs to be tested are fed to 
subsets of the panel, based on 
tumor cell type, and their cell- 
killing activity is monitored. 

Over the last 7 years, the 
panel has been used to screen 
almost 63,000 compounds, and 
5000 have exhibited tumor cell-killing ac- 
tivity. But that has created another dilemma, 
because so many compounds show antitumor 
cell activity in culture, and the cost of bring- 
ing diem all to clinical trials — where most 
don't work anyway — would be daunting. As 
Sausville asks: a Hdw do you prioritize so 
many compounds for clinical trials r For 
that, the NCI uses a computer database to 
sift through past antitumor agents and look 
for only those compounds with novel mecha- 
nisms of action. Computer screening has 
whittled the number of promising agents 
down to about 1 200, according to Sausville. 

Those compounds are then tested in what 
is known as a hollow fiber model, in which 
tiny tubes filled with tumor cells are im- 
planted into mice in a variety of sites- By 
monitoring the tumor celWcilling effects of 
drugs on the implants, researchers can test 
which drugs actually make it to the tumor sites 
when the drugs are administered in different 
ways: intravenously versus orally, for example. 
Sausville cautions, however, that it's still too 
early to tell how predictive these screens are, 
because only a few of the drugs tested have 
gone far enough to show efficacy in humans. 



gelsteuVs group at Johns Hopkins University 
School of Medicine add another question 
mark about the assay's predictive ability. Todd 
Waldman, a postdoc in the Vogelstein labo- 
ratory, found that xenografts and clonogenic 
assays deliver very different messages about 
now cauccu cells. taiMllg a paiucuiai gcnw, 

p2I, respond to DNA-crippling agents. 



tumor cells, the entire tumor may shrink. 

The finding indicates that the clonogenic 
assay can't always predict how a tumor will 
respond to a drug in an animal. Still, by link- 
ing the different responses in two models to 
the presence or absence of a specific gene 
system, the Waldman team's results help 
clarify why tumor cells might respond dif- 
ferently in culture and in animals. Indeed, 
the general idea that a tumor's drug sensi- 
tivity may be linked to the genetic muta- 
tions it carries has led others to try to use cells 



TESTING THE XENOGRAFT ASSAY 



Cell % of Tumors Responding to Drugs 

Unes Minimal Response Significant Response 
Tested ( < 40% shrinkage) ( > 50% shrinkage) 




RaJiation, like many of the drugs used to 
treat cancer, works by damaging the cells* 
DNA. This either brings cell replication to a 
halt or triggers a process known as apoptosis in 
which the cells essentially commit suicide. 
Waldman wanted to see how p2 1 , one of the 
genes involved in sensing the DNA damage 
and halting ceil replication, influences rhat 
response to radiation. 

In the mouse xenograft assay, Waldman 
and his colleagues found that the radiation 
cured 40% of the tumors composed of cells 
lacking p2l, while tumors made of cells carry- 
ing the gene were never cured. But this differ- 
ence was not apparent in the clonogenic as- 
say, where the radiation appeared to thwart 
the growth of both dispersed tumor cell types. 
"We showed this gross difference in sensitivity 
in real tumors in mice and in the clonogenic 
assay," Waldman says. 

He suggests that the different responses in 
the two systems have to do with the fact that 
a subset of p2\ mutants die in response to 
radiation, while cells with the normal gene 
merely arrest cell division. Either way, the 
dispersed tumor cells in the clonogenic assay 
will fail to grow. However, in the xenograft 



Both drug screeners and doctors also use qtumors, which corwist of many celjs in a solid 
"another cell culture method, the so-called 
clonogenic assay, to sift through potential 
anticancer drugs. They grow cell lines or a 
patient's tumor cells in petri dishes or cul- 
ture flasks and monitor the cells' responses 



/mass, the arrested, but nonetheless living, 
\p2V tumor cells may release substances that 
i encourage the growth of any nearby tumor 
I cells that escaped the effects of the radiation. 
But tumor cells lacking the p2 1 gene die, and 



chemotherapeutic agents. 

Leland Hartwell, Stephen 

the Fred Hutchinson Cancer Re- 
search Center in Seattle are pio- 
neering one such effort. They are 
building on previous work in 
which HartwelPs team discov- 
ered a series of yeast genes, called 
checkpoint genes, that nor- 
mally stop cells from progressing 
through the cell cycle and divid- 
ing if they have abnormalities 
such as unrepaired DNA dam- 
age. Because mutations in check- 
point and other cell cycle- 
related genes have been linked 
to human cancers, looking for 
drugs that restore normal growth control in 
mutated yeast might be one way to find new 
cancer therapies (see Article on p. 1064). 

The NCI is taking a similar tack. They are 
looking to see if they can reclassify the cells 
in their panel, which was set up based on 
tissue type — breast cancer versus cojon can- 
cer, for example — according to the types of 
genetic defects the cells carry. To enable 
drugs that counteract specific defects to be 
prescribed most effectively, researchers are 
also developing technologies for analyzing 
the gene defects in each patient's tumors. 
That way, if drugs rhat correct specific de- 
fects can be identified, they could then be 
matched to each individual's tumor cell 
makeup. This would be so valuable," says 
Homer Pearce, vice president of cancer re- 
search and clinical investigation at Eli Lilly 
and Co. in Indianapolis. "It would help to 
identify patients that have the greatest chance 
of benefiting from therapy, while minimiz- 
ing the number rhat would be exposed to a 
treatment that would not work." 

Indeed, Merck's Oltff says, "the future of 
cancer drug screening is turning almost ex- 
clusively toward defining molecular targets." 
If the approach works, drug developers would 
finally have an easy way to identify promis- 
ing cancer drugs, and cancer patients might 
have an array of new treatments. 

-Trisha Gura 



5 DUt tumor CC115 lauoiig uic t gciic uic, 

/ to various anticancer treatments. But clono- J because dead eclb cannot "feed" neighboring Trisha Gura is a writer m CI**lona. Ohio. 
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AB Eugenol is an active principle and responsible for several Pharmacol . 
activities of clove oil. The authors studied the effects of 
eugenol on human platelet aggregation, 
- arachidonic acid (AA) and platelet-activating factor (PAF) 
metab. and in vivo effects on AA and PAF-induced shock in rabbits. 
Eugenol strongly inhibited PAF-induced platelet 

aggregation with lesser effect against AA and collagen. The IC50 
values were against AA: 31 .mu.M; collagen: 64 and PAF 7 .mu.M, resp. In 
addn., eugenol stimulated PAF-acetylhydrolase activity suggesting that 
inhibition, of PAF could be due to its inactivation to lyso-PAF. 
Pretreatment of rabbits with eugenol (50-100 mg/kg) prevented the lethal 
effects of i.v. PAF (11 .mu.g/kg) or AA (2 mg/kg) in a dose-dependent 
fashion. The protective effects of eugenol in the rabbits, however, were 
more pronounced against PAF-induced mortality (100% protection) . In 
addn., eugenol also inhibited AA metab. via cyclooxygenase and 
lipoxygenase pathways in human platelets. Both the prodn. of 
thromboxane -A2 and 12 -hydroxy-eicosatetraenoic acid was inhibited by 
eugenol in a concn . -related manner (30-120 .mu.M). In vivo, eugenol 
(50-100 mg/kg; i.p.) inhibited carrageenan- induced rat paw edema. In this 
test, eugenol was 5 times more potent than aspirin. These results provide 
evidence that eugenol acts as a dual antagonist of AA and PAF. 
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Abstract 

Peptide growth factors restate normal cellular protlf« 
erntion and differentiation throu »h autocrine and paracrine 
pathways and arc Involved In ca icer development and^pro- 
gresskm. Among the endogenous growth factors, the epder 
mat growth factor (EGF>relsted proteins play an important 
role In the pathogenesis of turn; in cancer. In (act* overex 
pressfon of EGF-rdatcd growth factors such as transform' 
ittg growth factor a and amjfbir igulln and/or their specific 
receptor, the EGF receptor (EC FR), ha* been detected In 
several types of human cancen, ucluding breast, lung,<and 
colorectal cancers. Therefore, ttu blockade of £GFR activa- 
tion by using auti-EGFR monocfc inal antibodies (MAbs) has 
been proposed as a potential ant (cancer therapy, 

Hie cAMP-dependcnt protel i kinase (PKA) is an intra 
cellular enzyme with serUu>threon neUnase activity that ploys 
a key rato in cdi growth and erentjatioe. Two PKA bo- 
forms with Identical catalytic (C) v ibunto but different cAMP 
binding regulatory (X) submits defined as RI to PKAI and 
RU to PKAI0 have been identiiM 
PKAH b found in nonnal non||fotibredng tissues and 
grawth-amsisd ceils, whereas 
detected staedu> to tmnorodls 
eapjosedtonuHoBCBfcsthnulLO i^ 
correlated recently with poor pro ptosis in breast cancer pa- 
.Inhibition of PKAI 

i tlje selective cAMP 
8-chioio-cAMP (8-OcAMP) indui es growth bARdtton invar. 
■ cell Ones Ai Woo and in stVo. 
We have provided esiperitn ratal evidence of a func- 
tional cross-talk between iigond Induced EGFR activation 
and PKAI expression and toncttyo- In fact, PKAI U over- 

feo 
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tor cx-induced transformation in several rodent and human 
cell line models* Furthermore, PKAI is Involved in the in- 
tracellular mltogenk signaling following llgnnd-indoced 
EGFR activation, We hove shown that an interaction be* 
tween EGFR and PKAI occurs through direct binding of the 
RI sobunrt to the Grb2 adaptor proteto* In this respect, 
PKAI seems to (unction downstream of the EGFR* and 
experimental evidence suggests that PKAI is acting up- 
stream of the mitogen-octivated protein kinase pathway. 

We have also demonstrated that the functional interac- 
tion between the EGFR and the PKAI pathways could have 
potential therapeutic implications. In fact, the combined 
interference with both EGFR and PKAI with specific phar- 
macological agents, such as anti-EGFR blocking MAbs and 
cAMP analogues, has a cooperative antiproliferative effect 
on human cancer cell lines in vitro and in vivo. The antitu- 
mor activity of this combination could be explored In a 
clinical setting because both the 8-Q-cAMP analogue and 
the anti-EGFR blocking MAb C225 have entered human 
clinical trial evaluation. 

Finally, both MAb C225 and 8-CUcAMP are specific 
inhibitors of intracellular mltogenk signaling that have dif- 
ferent mechanisms of action compared with conventional 
cytotoxic drugs- In this respect, a cooperative growth-inhib- 
itory effect in combination with several diemotherapeutic 
egents in b large scries of human cancer cell lines in Wo\? and 
in vivo has been demonstrated for anti-EGFR blocking 
MAbs or for 8-O-cAMP. Therefore, the combination of 
MAb C225 and 8-O-cAMF following chemotherapy could 
be investigated in cancer patients. 

Introduction 

Growth factors regulate nonnal cellular proliferation and 
differentiation and are important in initiating and maintaining 
neoplastic rransforTrutfinn (1). Cancer cells generally exhibit a 
decreased requirement for exogenous growth factors as com- 
pared with normal cells (2). The relaxation in growth factor 
dependency is doe in part to the ability of tumor cells to 
synthesize growth factors that can regulate their proliferation 
through autocrine and paracrine mechanisms by activating spe- 
cific cell membrane receptors (& Among the endogenous^ 
produced peptide growth factors, TGF-a. 9 AR, and CRIPTO are 



'The abbreviations used are: TOT, tnnsformlae growth factor. AR. 
ampWrcgulin; EOF, qwtamal growth factor. BOPR, EOF receptor, 
OrW, growm factor receptor binding protein 2; 5H, Src homology; 
MAPK, mitogf iKKtWated protein kinase; PKA, eAMP-dependent 
protein kinase; S-O-cAMP, t^loro-cAMP; C catalytic ewbunit; R, 
regulatory subuniu TSH, thyroid-eumu taring hormone; MAb, mono- 
clonal antibody; MBO, mixed backbone oUgonacieotide. 
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EGF-related proteins that play 
genesis of several human epithelial 
CRIPTO are expressed by the 
metastatic breast and colorectal 
synthesis of these growth factors |by 
as a specific RNA or DNA 
colon and breast cancer cell 
bind to and activate the EGFR. 
has been detected in the 
ovarian, colorectal, and renal 
EGFR has been associated with 
human tumor types, including 
Af r 170,000 transmembrane 
ing domain and an intracellular tyrosine 
ing ligand binding, (he ECFR is 
tyrosine residues in the 'intracellular 
creating a series of rugh-aifinxty 
tor molecules that~are involved 
signaling to the WMAPK signal 
this respect, Grt>2 is an adaptor 
domain, which binds to 
kinase receptors, and of two 
preline-rich sequences of signalir g 
Grb2 allows the coupling of the 
phatidylinosi'tol kinase, or 
The specific cell membrane 
been identified, although thc'addi 
protein to human mammary 
lular signaling cascade that leads 
The PKA is an intracellular 
kinase activity that plays a key 
entiation. cAMP acts in mammal 
two distinct isoforms of PKA. defined 
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and PKAH share identical catalytic (C) subunits, but differ In 

R 



sub wits, ! 
Ill 

I and PKAH ia forma 



expression 1 



regulatory (R) subunits (termed 
respectively; Ret 17). Tht PK4 
formed of two identical R 
Upon c AMP binding to the R 
released (17). The synthesis of 
abundance of PKAI 
ulated during differentiation, cell 
formation (18). Predominant 
norma] oonpraJifc rating tissues 
whereas enhanced levels of PKAI 
cells and transiently in 
ull (29). b this respect PKAI and 
generally ovcrcxpressed in human 
rumors and are induced fallowing ; 
oncogenes, such as w (18-19). 
PKAI has been correlated 
cancer patients (20). 
fibroblast cell hybrids as the tissue 
Han (TSBl), an inhibitor of the 
related to cell differentiation (21). 
expression of PKAII, following 
retrovirus containing the human 
inhibition of human cancer cells, 
phenotypc of nu-Uansfornsed 
Actively, these data, along with the 



important role in the patho- 
cancers (3). TGF-a. AR, and 
rt ajoricv of human primary and 
sancers (4^5), Suppression of 
pharmacological tools such 
approach inhibits human 
(6-9). Both TGF-o and AR 
Enhanced expression of ECFR 
majority (of glioblastomas, breast, lung, 
(3). Overexpresston of 
a poor prognosis in several 
(3). Tht EGFR is a 
with an external bind* 
kinase domain. Follow- 
i tutophosphorylated on several 
domain and dimerizea, 
finding sites for various adap- 
n transmitting the autogenic 
transduction pathway Q0). In 
)lecuie composed of one SH2 
phosphojrylated tyrosines on tyrosine 
domains, which bind to 
proteins such as SOS (11). 
\ ictivated ECFR to nu, phoa- 
phospbplipase C7 pathways ( 1 1-15). 

for CRIPTO has not yet 
don of recombinant CRIPTO 
epithe Lial cells induces u>intraccJ- 
» MAPK activation (16). 
( niyme with serinc-threornne 
in cell growth and differ- 
cells by binding to either of 
PKAI and PKAIL PKAI 
the 

in PKAI and RH in PKAII, 
holoenzyme is a tetramer 
subunjts and two C subunits (17). 

the active C suhiinit is 
and RH and the relative 
ire differentially reg- 
I rowtb, and neoplastic trans- 
of PKAII is found in 
in growth-arrested cells, 
detected steadily in tumor 
stim- 

regulatory subunit RIa are 
< anccr cell lines and primary 
transformation by certain 
Overexpresston of RIa and 



lid 
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norrual cell exposed to rmtogcoic t 
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recently 1 nth poor prognosis in breast 
. RIa has also been identified in hepatoma X 
extinguisher of diffcrentia- 
ixpresslon of several genes 
I ^contrast, constitutive over- 
it] Fection with a recombinant 
i Vft gene, induces growth 
j nd reverts Ac tnuisformcd 
KKt * fibtobUsn (22-23). Col- 
distinct subcellular locatioo 



and the ditTereotial sensitivity to cAMP concentration for en- 
zyme activation (17-19). suggest that PKAI and PKAII have 
difTerent functions io the control of cell growth and differenti- 
ation. 

In recent years, experimental evidence has been provided 
on a functional link between neoplastic transformation involv- 
ing the TGF-o -EGFR autocrine pathway and PKAI expression 
and activity. In this review, we will discuss the biological 
relevance of the interactions between the activated EGFR and 
PKAI and we will present data suggesting that the blockade with 
specific biological agents of the PKAI serine-threonine kinase- 
dependent pathway and of the EGFR tyrosine kinase-dependent 
pathway is a potentially useful novel approach in cancer 
therapy. 

The EGFR-PKAI Connection 

PKAI Expression Is Linked to TGF-a* and rar-depead- 
ent Transformation. Several studies have shown an in- 
creased expression of RIa and PKAI following transformation 
by TGF-a op nu. On the other hand, an early inhibition of 
TGF-a and/or raj expression is observed after treatment with 
selective inhibitors of PKAI, such as 8-Q-cAMP. These studies 
have suggested a functional involvement of PKAI in the mlto- 
geoic signals transmitted through the EGFR and/or p2lror path- 
ways. For example, in NRK m fibroblasts, TGF-a- and rtu- 
dependent transformation causes an early induction of RIa and 
PKAI expression and a parallel reduction of PKAII (24). The 
selective inhibition of PKAI by 8-G-cAMP is followed by 
inhibition Of TGF-a and p2l nu expression, by increased PKAII 
expression, and by cell growth arrest (24). In NOG-8 mouse 
mammary epithelial cells, stable overtxpressioa of TGF-a* fol- 
lowing transection with a recombinant plasmid containing the 
human TGF-a cDNA, determines neoplastic transformation 
(25). Tnis event is associated with a fall in RHP mRNA expres- 
sion and a parallel rise of RIa inRNA expression, without major 
changes in Ca expression (26). Therefore, PKAI becomes the 
predominant PKA tsofboa in IGF*a-txansf otmcd NOG-8 cells. 
Treatment of these cells with the speci£c PKAI inhibitor 8-Ci- 
cAMP down-regulates PKAI, induces PKAII, and inhibits 
TGF-a produc t i o n, restoring the pattern of expression of non- 
transformed parental cells (26> Similarly 10 be NOG-8 mouse 
model, in MCF-10A normal human mammary epithelial cells, 
overexpretsion of TGF-a or of en activated nu gene causes 
neoplastic ttansfonxiarion (27). These events are astociased with 
an increase of PKAI expression and a parallel reduction of 
PKAIL Down-regulation of PKAI by different phaxTnaccjogical 
ar^rooches, such am cAMP analogues or antisensc oligonucleo- 
tides targeted against RIa, inhibits TGF-a expression and in- 
duces growth inhibition in MCF-10A cells uwformed by either 
TGF-a or nu (28). Farther experimental evidence of a func- 
tional cross-talk between TGP-a-EGFR-mediated cell transfor- 
mation and PKAI expression and function has been provided 
recently in MDA-MB468 human breast carcinoma cells. In 
MOA-MB468 cells, a TGP-o-EGFR autocrine growth stimula- 
tory pathway is involved in toe control of ceil growth and 
trusftnnalion (29). The constitutive inhibition of EGFR ex* 
pression by tnutsfectJon of MDA-MB466 cells with an 1 
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EGFR plasmid vector is 
regulation of PKAI expression 

PKAI Is Induced by EGFJt 
Different studies have disclosed 
find inhibition of EGFR- and/df 
MAPK (3 1-33), but whether a 
sibie for this effect has not yet 
hand, it has been shown that an 
the function of PKA by jnterferi|ig 
the Ca catalytic subunit, 
PKAI! (34). Recently, it has 
with the cAMP analogue 
specific phosphodiesterase 
smooth muscle cell proliferation 
injury (35). Because smooth 
shown to be dependen t on rasf 
model (36), it seems likely that 
due to the interaction of PKA 
has been causally linked to 
signals through the EGFR and 
have 6hown that PKAI expressioi i 
MCF-10A human mammary 
with EGF or TCF-a. and it is 
entry (37). MCF-10A cells 
EGFR sites/cell and depend on 
in the culture medium for .optional 
withdrawal determines growth 
cell cycle. The addition oi 
quiescent MCF-10A cells induce) 
cells enter S phase (37). 
expression by pre treatment with 
cleotide blocks S-pbose entry 
addition, suggesting a role for 
G r n>S transition (37). 
RIa overtxpression enables MC3f« 
free medium, bypassing EOF 
ferriog a phenotype similar to 
either the TCF-a or the w genes 
data suggest that PKAI mediate* 
growth factors of the EGF family 
cells. 

It is not yet clear whether 
in the downstream propagation of 
signaling or whether PKAI is 
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involvement of PKAI 
fereot cell types has been repartee . 
cytes, CD3 stimulation or 
specific PKAI induction and 
(38-39). In FRTL-5 rat 
cell proliferation and 
of RIa mRNA occurs within 30 
increase in PKAI that 
Conversely, inhibition of PKAI 
sense oligonucleotide abrogates 
feet (40), Interestingly, a 
derived by the fusion of the 
RIa genes has been isolated in 
K41). 
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Activation m Normal Cells, 
i link between PKA activation 
raj-dependent activation of 
specific PKA isoform is respon- 
been elucidated. On the other 
; ctivoted ras oncogene inhibits 
with the nuclear location of 
following release from 
demonstrated that treatment 
or with cAMP- 
deterrranes inhibition of 
rut carotid arteries following 
cell proliferation has been 
'qf-l/MAPK signaling in this 
(he growth-inhibitory effect is 
w-mediated signals. PKAI 
regulation of myogenic 
s pathways (24, 26, 28). We 
is induced in nc* transformed 
cells following treatment 
involved in S-phasc 
approximately 250,000 
presence of EGF or TGF-a 
cell growth, becausfe their 
in the G g -G, phases of the 
medium containing EOF to 
RIa expression 6-9 h before 
down-regulation of PKAI 
j o anri-RIa anoseuse oligomi- 
ceUs following EGF 
3 KAI in (he EGFR-txiggered 
retroviral vector-mediated 
10A cells to grow in serum- 
requirement and con* 
10A cells transformed by 
27, 37). Taken together, these 
the mitogenic signaling by 
in human mammary epithelial 
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PtyVI activation is involved only 
the EGFR-induced mitogenic 
of the signal transduction 
an early 
stimuli in dif- 
In normal human T lympho- 
lutinin addition causes 
activation within 5-10 min 
depend on TSH for 
tbyroglobulin synthesis, a rapid induction 
after TSH addition with an 
cell entry into S phase (40). 
by an anri-RIa anti- 
TSH-mduced mitogenic ef- 
rrunsfonning sequence 
ret tyrosine kinase roceptor and the 
wo human papillary thyroid 
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Direct Interaction of PKAI with the Activated EGFR 
through Grb2, It is possible that the different biological ef- 
fects of the two PKA isoforms is due in part to their intracellular 
localization, which could allow interactions with potentially 
different adaptor molecules and/or substrates. The subcellular 
distribution of the PKA isoforms depends also on the interaction 
with a specific class of anchoring proteins (AKAPs), which may 
contribute to their functional role (42). PKAII has been found in 
association with the piasma membrane, the cytoskeleion. the 
secretory granules, and the nucleus (19, 43*45). PKAI is 
broadly distributed in the cytoplasm (46) and may also translo- 
cate to the cell membrane. In fact, in human T lymphocytes, 
PKAI is found in the inner face of the cell membrane, where it 
is associated with the T-cell receptor-CD3 complex after T-celi 
activation (39, 47). In EGF-euraulsted MCF-10A cells, a cell 
membrane translocation of PKAI anticipates cell entry into S 
phase (37, 48). 

Furthermore, we have shown recently that in MCF-10A 
both the RIa and Ca summits, but not the RUp subunit, copre- 
cipitate with the ligand- activated EGFR and that they are pres- 
ent in the -EGFR macromolecular signaling complex as on 
activatable PKAI holoenzyme (49). Whole-cell immunoQuores- 
cence studies have shown that RIa staining is superimposable to 
that of EGFR, 4 which, following ligond activation, translocates 
from the cell membrane to the cytoplasm by endocytosis (15). 

PKAI provides a relevant contribution to the propagation 
of EGFR-acttvated mitogenic intracellular signaling. In fact, 
overexpression of PKAI in MCF-10A RIa cells determines a 
constitutive activation of MAPK, mimicking the effect of EGF 
addition to quiescent MCF-10A cells (49). In contrast, inhibition 
of FKAl-mediated signaling by a RIa aimscnse oligonucleotide 
or by 8-Q-cAMP significantly reduces MAPK activation in 
EGF*timulated MCF-iQA cells (49). 

RIa contains a stretch of uncharged amino acids and a 
NHz-terminal pro line-rich sequence (47), which may potentially 
bind to SH3 domains {III Wc have found that PKAI interacts 
with the EGFR through RIa binding to either NH 2 - or COOH- 
terminal SH3 domains of Grb2 (49). RIa is associated with 
Grb2 independently from EGFR activation* suggesting that RIa 
andOrbZ may form a complex before ligand activation of EGFR 
and recruitment of Grb2 to a^ttoptosphorylatsd tyrosine resi- 
dues) (49): Because an activatable PKAI holoenzyme is present 
at the EGFR site following tigand-dependent activation, PKAI 
may interact with specific substrates involved in the EGFR- 
dependent signaling cascade. However, it is not yet defined 
whether PKAI is involved in a specific signaling pathway or 
participate to the integration of multiple growth factor-induced 
signals. The identification of PKAl-specific substrates will be an 
important step to elucidate the role of this PKA isoform in the 
transduction of mitogenic signals (Fig. 1). 

Therapeutic Implications 

Inhibition of EGFR. Because experimental and clinical 
studies have provided evidence for a TGF-a-raediated autocrine 



♦Unpublished results. 
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growth stimulatory pathway in a 
blockade of the TGF-a-EGFR 
EGFR blocking MAb*. recombinant 
or EGF fused to toxins, or 
hibitors hay been proposed as a 
(50-57). In this respect, several 
inhibit the in vitro and rn 
chat express TGP-a rod EGFR 
Among these, MAb 526 and MAt 
that hive been extensively 
pre chincal properties 
blocking agents that have entered 
patients (30-51, 58-59). MAb 521 
EGFR with affinity limilg to EG! 
these Uganda for receptor binding, 
induced activation of EGFR 
iron, it has been shown thi the 
beanng weU-established human 
528 or with MAb 22S and with 
mbicia or risplatin, significantly 
of these drags (62-63). To avoid 
production that can interfere with 
repeated admlnistradons of mouse 
human-mouse MAb 225 (MAb 
IgGl constant region, has been 
for clinical use and is in early clis 
advanced cancer (64-65). 
Inhibition of PKAL The 
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charactei ized 
and represent the first series of anti 



t potential 

logues for the therapy of cancer has I ecn widely discussed 
post two decades. However, the lad} of selectivity 
> required for the available 



of human cancers, the 
pathway by using and* 
proteins containing TGF-a 
tyrosine-kinase in- 
Aerapeutic modality 
blocking anti-EGFR MAbs that 
vivo grow h of human cancer cell lines 
have been generated (58-61). 
225 are two mouse tylAbt 
tor their biological and 
EGFR 

< linicol evaluation in cancer 
and MAb 225 bind to the 
and TGF-a, compete with 
md block EOF- or TGF-a- 
rosine kinase (58-59). In addi- 
c^mbined treatment of mice 
with MAb 
drugs, such as daxo- 
the antitumor activity 
human anti-mouse antibody 
the t her ap eut ic efficacy of 
nfAbs in humans, a chimeric 
that contains the human 
loped recently and purified 
trials in patients with 
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usage of cAMP ana- 
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and the high 
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Fig. I PKA iwfonns in the 
control of mifogenic stgmliqg. 
f*KAI participate* to the EGFR- 
dependent mitogen*? signaling 
through die binding of the RIa 
subunit with the SH3 ccraain of 
Grb2 adaptor protein recruited at 
the activated tyrosine receptor site 
(49). EGFR signaling is not ex- 
clusively mediated by PKAJ 
beeewe other pathwoyi are in- 
volved, including die naospho- 
lipese CyPKC transducing mate- 
coles. Inhihhjga of PKAI 
markedly reduces MAPK activa- 
tion (49). but it is usfaiown 
whether PKAJ directly signals 
MAPK and rxfA. On the other 
hood. PKAD Is able to inhibit 
PKAI, mx, ntf-L and, indirectly. 
MAPK function and cxpj cation 
(18. 31-34). Moreover. FfCAE 
hai an inhibitory effect on several 
nuclear rnkngemc tacton and a 
ftarjssctivsdag effect on factor* 
involved with cell oifforrmsnon 
(18, 34). FLOy. prjosphocpsse 
Cr. MEK MAP/extraceUular 
Bgnal-rcgulatsd kinase. 



major obstacle to the development of this approach into feasible 
clinical trials. A renewed interest has been fostered by the 
discovery of a new class of site-selective cAMP analogues, 
which are able to modulate the activity of the PKA at micro- 
molar concentrations (18). 8-Cl-cAMP, die most potent site- 
selective cAMP analogue, can discriminate between the two 
c AMP binding sites on RI and RII and is abbs to down-regulate 
RIa by facilitating the degradation of the protein, white up- 
regulating RII expression St the transcriptional level (18, 66> 
We have shown that down-regulation of RIa by 8-Q-cAMP is 
associated with growth inhibition (with IC^s ranging between 
0.01 and 10 pM) and differentiation in a wide variety of human 
cancer cell lines in vitro and in vivo (66-68). These effects are 
acco mp anied by an increased R1LRI ratio and by inhibition in 
vitro and in vivo of different oncogenes and growth factor 
expression, including w, myc <rbB2. TGF-a, basic fibroblast 
growth factor, and vascular endothelial growth factor (24, 26, 
28, 66-69). The inhibition in the expression of these genes 
induced by B-Q-cAMP treatment is time and dose dependent 
and occuie at die mRNA level (26, 69). It baa been shows 
recently that S-Q-cAMF is able to revert multidrug resistance in 
a variety Of nwltidrug resistance cancer cell lines, restoring the 
sensitivity to cytotoxic drugs (70). Although it is stilt debated 
whether metabolites such as 8<3-aocaoaine may contribute to 
the 8-Q-cAMP effect (19), 8-Cl-cAMP is presently under clin- 
ical in vestigerion in Phase II Dials, because we have shown in a 
Phase I clinical trial that 8-CKAMP can be safely admirustercd 
to cancer patients at doses that achieve plasma concentrations 
within the potential therapeutic range for growth inhibition (71). 

A more direct approach to inhibit the synthesis and func- 
tion of PKAI has been developed by the use of phosphorothio- 
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^modified antisense oligonucl rotides targeted against the 5' 
coding sequence of the human Rio mRNA. Treatment with 
these antisense oligonucleotides i oppressed RIa production and 
determined inhibition of in vitro jroliteration in various human 
cancer ceJJ linen and in vivo growth of LS-174T human colon 
cancer xenografts (72-74). AMough phoaphorothioate-modi- 
fied antisense oligonucleotides hi ve shown promising results as 
a first generation of oligonuclcoiides. a series of novel MBOs 
targeted against RI« has been gen crated to further improve their 
therapeutic potential. MBOs hare appropriately placed seg- 
ments of phospfaorothioate oligt nucleotides and segments of 
modified ougodeoxy- or oligoril >onucleoudes t such as meth- 
ylphosphonate linkages (75). Tht anti-RIa second generation 
antwense oligonucleotides have j significant antiproliferative 
effect in vitro (with IC^s ranginj between 0.01 and 1 \ua) and 
in vivo in a number of huftan cam ex ceil lines. 4 Because MBOs 
have shown a significant reductic n of side effects and a better 
pharmacokinetic profile in vivo i s compared with phosphor©- 
thioate oligonucleotides (75), they are entering clinical evalua- 
tion in cancer patients. 

Combined Blockade of EC FR and PKAI, The large 
body of experimental evidence ^ suggesting a functional link 
between neoplastic transfornutio a involving TCF-a-induced 
EGFR activation and PKAI has ] irompted studies to evaluate 
whether the double blockade of E 3FR and PKAI may have an 
antiproliferative effect in human c nicer cells and may improve 
the antitumor activity of either bit ckode alone. Id a first series 
of experiments, we have evaluated the growth-inhibitory effects 
of the combined treatment with tlte anti-EGFR MAb 528 and 
8*Cl-cAMP on two human colon cancer cell lines (GEO and 
CBS) and en a human breast can *r cell line (MDA-MB468; 
Rcf. 76). The combination treatme it with these two agents hod 
a more than additive growuVinuibi ory effect on all three cancer 
cell lines that secrete TGF-o ant express functional EGFRs 
(7Q A 3- to 5-fold reduction ii the 8-CI<AMP IC* was 
observed when me tumor cells wet e exposed to low noninhibi- 
tory doses of MAb 528 in combmiaon with 8-Cl<AMP < Fur- 
themiore, treatment with higher coi cwtnmoos of MAb 528 and 
S-Q-cAMP determined a similar d ;grct of cooperative growth 
inhibition. We have next demons* tted that the combination of 
the hum an ize d chimeric anoVEGFR MAb C225 and 8-O-cAMP 
is a highly effective anticancer trea men: regimen in vivo using 
human GEO colon carcinoma xenc grafts as a model (77). The 
combined blockade of EGFR and c f PKAI produced an antftu- 
mor effect that is not simpJy&dditiv ^ Treatment with low doses 
of MAb C225 and 8-Q«cAMP for S weeks resulted in a long- 
term suppression of GEO tumor gro vth. because tumors resume 
their growth only after —8 weeks torn cessation of the treat- 
ment (77). This effect was accomp inied by a statistically sig- 
nificant benefit in animal survival in the group treated with both 
agents as compared with the groups treated with a single agent 
The anticancer effect of the MAb C 225 plus 8-Ci-cAMP com* 
bination was also accompanied by i\ e suppression in tumor cell 
production of proteins that function i > autocrine growth factors, 
wen as TGF-o, AR, and CRTPTO, or as paracrine angiogenic 
growth factors, such as vascular ew tochelial growth factor and 
basic fibroblast growth factor (77). 1 n addition, a strong inhibi- 
tion Id wmrx-induced boat neoangio genesis was observed. The 
luppression of synthesis of endogen m growth factors has also 



potential therapeutic relevance. This effect could lead to tumor 
quiescence in terms of proliferation and neoangiogenic stimu- 
lation. Therefore, long-term treatment wittt anticancer agents 
that affect intracellular signaling, such as anti-EGFR MAbs and 
8-Cl-cAMP, may obtain a control of cancer cell growth and 
spreading with no toxicity. In fact, MAb C225 and S-Cl-cAMP 
treatments were well tolerated by the animals because no signs 
of toxicity were observed in any treatment group. 

We ore presently testing whether a sinular cooperative 
antitumor effect could be also obtained by a combination of 
anti-RIa MBOs and anti-EGFR MAbs. Preliminary experiments 
in human breast and renal carcinoma cell lines have shown a 
Kupradditive growth-inhibitory effect with this approach * 

Conclusions 

PKAI expression and activation is involved in the intracel- 
lular mitogeoic signaling following EGFR activation. The inter- 
action between EGFR and PKAI occurs through direct binding 
of the RIa subunit to the Grb2 adaptor. Therefore, PKAI seems 
to function downstream to the EGFR, and experimental evi- 
dence suggests that PKAI is acting upstream to the MAPK 
pathway. 

The combined interference with EGFR and PKAI with 
specific pharmacological agents, such as anti-EGFR blocking 
MAbs and cAMP analogues, has a cooperative antiproliferative 
effect on human cancer cell lines in vitro and an vivo. The 
antitumor activity of this combination could be explored in a 
clinical setting because both 8-D-cAMP and MAb C225 have 
entered human clinical trial evaluation. 

Finally, both anti-EGFR MAbs and 8-Q-cAMP are inhib- 
itors of intracellular mitogenic signaling with different mecha- 
nisms of action compared with cytotoxic agents. In this respect, 
a cooperative growth-inhibitory effect in combination with sev- 
eral conventional cytotoxic drugs in a large series of human 
cancer cell lines in vitro and in vivo has been demonstrated for 
anti-EGFR blocking MAbs or for 8-Cl-cAMP (62-63. 78). 
Therefore, the combination of MAb C225 and 8-CUAMP fol- 
lowing chemotherapy could be investigated in cancer patterns. 
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The mutagenicity of 




to the Ames last using liver S9 fraction p^^ 



liver 89 from untreated ri te Th e re w ag a rev cr rt oorwlatidn between the \ 
dose of eugenol administered to die animals. Similarly suppressed 
microsomes, instead of the 89 fraction, were used in the Ames lest The i 
aiylhydrocaibon hydroxylase (AHH) could not be inhibited by the direct adifition 




hydroxylase activity were decreased to 
of BtaJP catalysed by microsomes from rats fed ad fflntum on a ^containing 5% eogenoi in4he Ames 
test was significantly decreased AHH activity and total B(aJPhydroxylare*«tiv^ 




Some edibk plants and a variety of i 
in them have been reported to inhibit careinogeno- 
sis or mutagenesis [11. Recently, it was reported 
that dlagic acid and some plant phenols inhibited 
the mutagenicity of ultimate carcinogenic metab- 
olites of BtflJP (12]. Several diakone derivatives 
(10] and aqueous and acetone extractions of some 
common vegetables [S] were found to reduce the 
revertant increase of Salmonella typhimurium 
TA100 by B[a]P. These antimntagens inhibit the 
mutagenic activity of B[a]P in the Salmonella 



Abbreviations: AHH, afyflqfdfoenboa hydroxylase; B(aJP, 
beasts fegnene; BHA, (2)3 mi h\*y\ 4 hydrmyinlmh; 3-MC, 
PB# pheaobsibitsls PCBs, poly* 



and S9 mix in Vitro. 

Eugenol, a principal constituent of d o w oB, is 
a widely used flavor additive and chemical inter- 
mediate. Recently, it has been reported (17] that 
no evidenoe of carcinogenicity due to eugenol was 
observed in male or female rats, and eugenol did 
not inhibit or induce a mntagwiic response ob- 
served in mutagenesis studies using Safcuomfa 
typhimurium. La previous papers (14-161 m **" 
ported the fnhi!y ww ^ ,t ! of gf imMtwuMarimt and 
the induction of liver microsomal UDFjtuou- 
roaytaansfeiaae by oral a dmiuistialk m of s ug s nol 
to rats. The present paper reports that the muta- 
genicity of BtaJP in the Ames test using 1km 89 
or 
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is decreased in comparison to B[a]P 
wag untreated rat fiver S9 or mtao- 
and this in vitro effect is due to the in vivo 
otlfffjM^ 
by engenol administration. 



Mak Wistar rats (250 g) were used. Engenol 
(200 mg) <fibted to 1 nd with oKwofl was admin- 
istered orally 4 times tb the rats at 12-h intervals 
|v and the rats were sacrificed 2 days after the final; 
treatment Controls received the same votome <rf 
ofive ofl concurrently. Phenobarbital (PB) was dis- 
solved in saline and given in a daily in- 
traperitoneal injection of 100 mg/kg anithe rati 




and polychkxinated \A* 
dissolved in olivefioil and 
j ftd ogte ttosc sso iSBO arid 
apd the rats were 
and 5th days, respectively. 

,^.|h«t^v^ ; ; 



Ip o d pe d; in a room with a 



fats had free 
water, during a week 
Thereafter, a diet 
fed to Ike 




not Over 

Rat fiver; after being perfused with 0.15 U 
JK3, was minced and homogenated with 4 voLof 
the same solution. The homogenate was centri- 
for 15 mm at 9000 Xg. Tbh supernatant 
i is called the S9 fraction. Thereafter, tins 
fraction was centrifuged at 105000 X g for 60 nun 



Analytical procedures 

The mutagenicity test using Salmonella typhi- 
murium strain TA100 was carried out as described 
by Ames et aLffl with a rfjgjte modification to 
allow we of the preincubation method 89 mix 
(100 nM sodium phosphate buffer, pH 7«4, 8 mM 



MgQ 2f 33 mM KG, S mM jocose 6-phosphate, 
4 mM NADP and 89 protein), mutagen and test 
organisms were mixed and the mixture was in- 
cubated at 37°C After 20 min the incubated mix- 
ture was mixed with 2 ml of soft agar and spread 
over a Vogd-Bmmer agar plate. After 2-day in- 
cubation at 37°C the number of revertants was 
counted When microsomes were used instead of 
S9, 3j0 units/plate of glucose 6-phosphatase were 
added to the assay mixture. The data were always 
corrected tat the background rate of reversion. AH 
experiments were per f ormed in triplicate. Arylhy- 
drocartxm hydroxylase (AHH) was assayed by 
measurement of the production of 3-hydroxy- 
benzo(<i]pyrenc as described elsewhere [191 Total 
B{ ajp hydroxylase was assayed by the direct fluo- 
■ v rometric . method described by * Yang and i Kicha ■> 
I13J. Cytochrome P-450 was estimated as de- 
scribed by Omura and Sato [7]. Protein contentta- 
rations were determined by the meth o d of Lowry et 
^ jit [6] using bovine serum albumin as the 
dard. v \ 4 '/ * .v ■ 



Eugene* and B(a]P were obtained from Walco 
Bore Cherbta l'r lndttstri c s , Osaka, Japan* PB -and 
3-MC were from Sigma Chemicals TCjq, St Louis, 
MO, USA. The FC3|s were a generous gift from 
^ C Siin^ of Osaka 

Prefecture. 7 ; v .\ 



Suppressed mutagenicity cf B[aJP .\> 

Fig. 1 shows the mutagenicity of Bta]P in the 



treated wifli engenol or olive ofl (contrd) were 
used. As positive controls, the S9 fractions from 
rats treated with PB, 3-MC and PCBs were also 
employed. It is well known that the mutagenicity 
of B[a]P is remarkably increased in die Ames test 
when 3-MC-treated or PCB-treated rat liver S9 
fractions are used, virile the mutagenicity is of the 
same levd as that of untreated liver S9 fraction 
when PB-treated S9 fraction is used (Fig. 1A). We 
found that with use of cugenol-treatcd S9 frac- 
tions in the Ames test, the mutagenicity of BJaJP 
was s up pre ss e d to a lower levd than that of the 
controls (Fig. 1A and B). this suppression of 
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BMP ( jM9 /Plate) 

Rfi. L MntataddQr of 8UP tn tfaeAme* test wfa« fiver 89 fractioos framimtt .treated with cageac* <•), dhfe «8 fOfc-fB ((*X 
3-MC 00 and FCB« (aV Apprtpcfate amount* of Bta]P(A)-aad 89 protein (B) were added *> t 
■ft^iate)(A)aadB(alP<aa|iK^ila^(B)i 
tlcflwdi. All 




.tam*-i v 

EFFECTS OF EUGENOL ADDITION TO THE ASSAY 
MIXTURE ON MUTAGENICITY OF B(a]P AND ARYL- 
HYDR0CARBON HYDROXYLASE ACUVRY 

pf AHH were perfm i ikxI at 

In tbe Ante* tat, (he aluouau of Bf a]P 
tat Ever ndc 15 fig/pate 






His* irvejUnt 
perflate V 


• 'Aiylhydroctfboii .*..*■.. 
hydroxytoe activity 
(nxn/atin/nig of protein) * 


0 


667±67 


0.799±OJ066 


10 


622±58 


0.759±O023 


50 


6*1 ±63 


O.735±0j015 
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m±n 


O.780±Oj034 


1000 


719±82 


O«806±0u043 ■ 
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rats (1^ 3X Tfo oot 
suppre s se d by direct ad dit io n of cngonol Into the 
S9 mix in the Ames test, and the actMt> of AHH, 
which catalysed the reaction of- B(aJP hydraayl- 
ation, was not inhibited cither by the addition of 
[ in the reaction inlsture (TaMe IX ■ 



fori 

100-130 revexttnt colonics). 
A SJP> of % diflcffCPt Qpcfimcittj, - 



Effects cf tugenot wjtriUL ifruftow on tifee s kH o M$s if 
microsomal monooxygctussc cuytnes 

The effects of administration of ouynol on 
cytochrome P-4S0 content* AHH activity (which 
was the production rate of 34ydroxyboo&o(«}- 
pyrene from B(a]P) and total BfaJP hydnwytase 
activity <whkh was the total convmkio rate of 
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.v Rg. 3. Revet* correktioc between the tmrtaynirityof BtuP 
r'v tnd the ook^200 mgxtfana) of <qyaol i dmlnltte te d to die 
V- 'mL Hie amount of BfaJP mt ^O jif/plate. The protein 
contents of the & fraction (•) tad micro#oma<A) were LO 
>; r and 03 mg/pltte, respectively. AH icvmioa valoes wexe cor- 
rected for tp o otan ro m menkn frequency (about 100-130 
; >^ the awca^fcr * anfanalt. 
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CYltX^lOME IMSO CONTENT, ARYLHYDROCARBOti HVDWJXVI^vAeriVnY AND THE RATE OF 
KN2Bt«lPra£HE METABOUS** IN UVER MICROSOMES </ > J ■ v>V>. -ry, S. _ ^ -■v-T-- 

i 'to the tats 4 ttfnct and other farfnpra were injected tog a pcritooctljy at i 
* activity yew dk le rosined in flic liter, i 
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B[aJP to Its metaboEtes) in the rtt ihwr micro- 
somes tie shown in Table 2. In the 3-MC4reated 
microsomes, even when the total content of cyto- 
chrome M50 was scarcely changed, AHH activity 
and total B(a]P hydroxylase activity were highly 
increased (Table 2). On the otter hand, in spite of 
a 2-fold increase of cytochrome F-450 specific 
content, the specific activity of AHH per micro- 
somal protein was decreased in 61% of the con- 
trols, and the specific activity of total B[a]P hy- 
droxylase was not affected in PB-treated micro* 
somes (Table 2). However, in PB-treated rat liver; 
the whole, activities of AHH and BJaJP hydroxyl- 
ase were increased, because the microsomal pro* 
tdn content per Uvtr weight was greatly increased 
(data not shown). These data correipond with the 
facts that >MC induced the specific form of 
cytochrome P450 which selectively catalyzed 
B[ ajp to mutagens, and that PB induced the other 
form of cytochrome F-450 which catalyzed differ- 
ent precardnogens fiiom BfaJP, such as aflatoxin 
1^ [4]. In the eugaioHreated rat liver microsomes, 
the content of cytochrome 1^50 was decreased to 
81% of the control value; fcirthennorc, AHH activ- 
ity and total B(a]P hydroxylase were decreased in 
29 and 47* of the Wtotrols; rajpectively (Tabk i). 



Tlief contents pf <ytp^romei P-450 and AHH 

TABLE 3 ' - 

EFFECTS OF ADMINISIKATIONOF A DffiTOONTAIN- 
H*G 5iW (w/w) EUOENOL Tt> *A1S ON CVTO- 
CHROME l^aJNT^ 

HYDROXYLASE ACTIVITY IN UVER MICROSOMES, 
AND IBS MUTAGENIC ACTIVITY OF B(#F <5*t/febtf) 
IN THE AMES USINO RAT UVER. MICROSOMES 



Diet 


P-450 

(amota/mg) 


AHH 

activity 

(maokf /oho/ii^) 


ICVCftSSt 

*<ooiodici * 


Control 


OJS3±0J069 
(100)* 


OH89±O014 
(ICQ) 


i75±a 
<ioo) 




" 0lS15±O032 


0053 ±04)10 
(2S) 


15±U 

<*> 



Cccqueoey (about 100-130 
Tfe en oontroL 
Bfca»±&B.farS 




activity fa As fiver uto^ from rats fed ad 
Kbtemons<fiet cootsining5*<' 
22 days w«^|8|^ 
ppevkwsty described flft ' 
weight, microsomal prom 
weight) woe m4imei^:^^^^^.^ 

that the dietary adhnnirtbtion^ 
rats decreased the content of cytochrome P-450 in 
the liver microsomes, the mutagemcity of $ga]P 
in the Ames test using me hncroaomes and AHH 
activity m the microsomes 
(Table 3). 



The suppressed mutagenicity of Btap> (Figs. 1 
and 2) was caused only by the cugenol admiins- 
tered to the tats, as can be seen in the results of 
die dose-response curve shown in Fig. 1 The 




fraction teem to play aft important role in this 
occurrence (Fig. 2). It lias been reported that 
eflagk, chlorogemc, caffric and ferolic acids 
some chaloones [lO] and aqueous and acetone 
extnetioos of some common vegetables (S] di-' 
needy inhibit the mutagenic activity of BMP oh 
Salmonella typftbnurhm when they are faenbated 
in the assay plates, Soch a direct inhibitory effect 
on Bfo]P mutagenicity and s ig nififsn l effects on 
AHH activity were not observed in the case of 
engenoi jn an m vitro sasty (Tabk 1) previoasty 
described JT7J. The mechanism of tins snfpwnaed ! 
umtagenfcityby cugenol Is different frout 4hat of ~ 
the aimmuta$ens described above, because idieir ' 
effects- Were jn jitto-wMte"' that- of flugenol "was bx ■;■ 
vivo. AHH activity would be the indicator of the 
mutagenic activity of BfalP using fiver nucro- 
somes from nUs pretreated with two inducers (Ta- 
ble 2) as has been previously described 14*91. 
Eugenol did not dhecdy decrease AHH activity 
(Table 1). Therefore, sup p ressio n of the mutagen- 
idty of tyaJPisobvioush/ caused by the reduction 
of AHH activity niediated by cytochrome M50 to 
cugenoMreated rat fiver microsomes (Table 2), as 
in the observed event caused b^ 2(3)-isrM)Uty l M» 
hyd roayaei sole (BHA) 



li AHH us described above *we ob- 
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flip&ob^^ «*» 
«n?yn^ irtnck is known to caUlyxe n detoadfio- 
Mivat^ j(<iF* ««JP qwddesi is very 

by eugenoL UPP-gtocuiouyliraas- 
ooold not {day a role in detoxification of 
1M«]P in an Ames test, because UDF- ghi c uroni c 
acid, winch is a donor substrate of the enzyme, 
■■mm- not added to die assay mixture. In vivo, 

en?g0DMK.<cyto* 
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conyoohito such as JlfflP uspuld be ex- 
' as were previously described for BHA of 
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INHIBITION OF TUMOUR PROMOTION IN MICE BY EUGENOL 
K. SUKUMARAN, M, C, UNN1KRISHNAN AND RAMADASAN KUTTAN* 

\Amala Cancer Research Centre, 
Amala Nagar, 
Thrissurj-680553 

( Received on March 15, 1993 ) 

Abstract;' Number of tumours (papillomas) produced by the application of 7, 12- 
dimethyl benz (a) anthracene as initiator and croton oil promotor in mice were 
considerably inhibited (84%) by the prior application of cugenol. Moreover, there 
was considerable decrease in the number of tumour bearing animals and their 
onset. Eugenol inhibited superoxide formation and lipid peroxidation and the radical 
scavenging activity may be responsible for its chemopreventive action^ 

Key words: eugenol tumour promotion superoxides lipid peroxidation 



INTRODUCTION 

The concept of two-stage carcinogenesis 
consisting of initiation and promotion was first 
proposed by Berenblum (1). The former stage is an 
irreversible process while the latter is associated 
with reversible and irreversible changes, 12-0- 
Tetradecanoyl phorbol 13-acetate (TPA), present in 
croton oil is a typical tumour promotor having various 
biological and biochemical effects on susceptible tissues 
(2). 

Recent studies have shown thai several naturally 
occurring compounds exhibit anti-tumour promoting 
activity. These include qucrcctin, oleanolic acid, ursolic 
acid and kaempherol (3). Various spices like garlic, 
asafoetida and mace (4," 5) and curcumin the active 
ingredient present in turmeric (6,7), are also reported 
to possess this activity. Eugenol (4-allyl-2- 
rnethoxyphenol) is a naturally occurring compound 
which is used as a food flavour and fragrance agent 
(8). Eugenol is the main component of the oil of clove 
and is also present in the essential oils and in the 
extracts of many other plants including cinnamon basil 
and nutmeg (9). 

♦Corresponding Author 



In the present study, -we have evaluated the effect 
of eugenol on croton oil-induced tumour promotion on 
mouse skin. Inhibitory effects of eugenol on superoxide 
production as well as lipid peroxidation were also 
studied. 

METHODS 

Female Swiss albino mice (shaved on dorsal skin 
two days earlier), were divided into two groups of 10 
animals each. They were initiated with single topical 
application of a solution of 470 nmol, of 7, 12-di methyl 
benz (a) anthracene (DMBA) in 200 UjI acetone (7). 
After one week, control mice (Group I) received topical 
applications of croton oil (50 ml) as a promoter twice 
weekly for 6 weeks. Animals in Group II were also 
treated with Eugenol (2 mg in 0.1 ml acetone) 30-40 
min prior to the application of promotor croton oil. 
Number of skin tumour (papilloma) formation on the 
mouse skin were recorded weekly and tumours greater 
than 1 mm in diameter were included in the cumulative 
total if they persisted two weeks or more. Values are 
mean of two independent experiments. 

The lipid peroxidation was determined by the 
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thiobarbituric acid (TBA) method (10). Mouse liver 
homogenate (25%, 100 pJ) in cold tris-Hcl buffer 
(0.2M, pH 7.0) was incubated with and without eugenol 
for 1 hr at 3VC in the presence of 150 mM Kcl (100 
111), 0.3 mM ascorbic acid (100 jlx1> 0.8 mM ferrous 
ammonium sulphate (100 jiil) in a total volume of 500 
Hi. After incubation 20% trichloroacetic acid (1 mi) 
followed by 0.67% TEA (2 ml) were added to each 
tube and boiled for 15 min. After cooling and 
centrifugation at 200 g, the optical density of the 
supernatant was measured at 540 nra. The amount of 
lipid peroxidation was expressed as nmoles of 
malonaldehyde formed in each tube. 

The scavenging effect of eugenol on 
photochemically-induccd superoxide production was 
determined by tlrariitroblu^ 

(1 1). The assay mixture (3 ml) contained oTl MsEDJPA 
containing 0.0015% sodium cyanide (200 \i\)Th5 mM 
NBT (100 )il), 0.12 mM riboflavin (50 \x\) eugenol 
(different concentration) and'phosphate buffer (pH -7*8), 
Optical densities were record ell before and after 
illuminations (15 min) at 560 nm. The difference in 
optical density in the control tubes and those containing' 
eugenol was taken as a measure of superoxide 
production. 

Drugs / Eugenol was purchased from Romali, 
India and 7.12-dimethyl benz (a) anthracene (DMBA) 
from Sigma Chemicals, St-Louis, USA. Croton oil was 
prepared from the seeds of Croton tigiium by peiroieum 
ether extraction (4). 

RESULTS 

. In the control group, the first tumour appeared 
at week 5, whereas in the group treated with eugenol 
the first tumour appeared at week 12. Significant (P < 
0.001) inhibition of tumour formation was observed 
on the 16th week of initiation. Eugenol also lowered 
the percentage of tumour bearing, mice (Fig.l). All the 
control animals developed tumours on 16th week of 
initiation while only 40%. of the eugenol-txeated group- 
developed tumours at week 16. The average number 
of tumours per mouse at week 16 were 2.56 ± 0.78 in 
the control group, and in the eugenol treated group 0.4 
± 0.50 (P < 0.001). Thus, treatment with eugenol caused 
84% reduction in the average number of tumours per 
mouse at week 16. 
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Fig. 1 : Effect of eugenol on papilloma formation. 

The figure indicates the percentage of tumour bearing 
mice in • • control animals treated with DMBA and 

croton oil 0 0 animals treated with eugenol prior to 

croton oil application. Values are average of 2 in depend ant 
experiments of 10 animals in each set. 

Eugenol was found, to inhibit superoxide 
production and lipid peroxidation in a significant 
manner (P < 0.001) (Tabic I). The concentration 
required to produce 50% inhibition in the former was 
found to be 125 |iM. while the corresponding figure in 
the matter was 25 uM. 



TABLE I ; Effect of eugenol on superoxide production 
and lipid peroxide formation in vitro. 



Concentration of 
eugenol (pM) 


Percentage inhibition 


Superoxide production 


Lipid peroxidation 


25 


0 


28.7 ±2.6 


25 


0 


51.8 ±3.4 


50 


12.5 ±0.23 


ND 


100 


39.6 ± 1.91 


6S.9±5.2 


500 


79.2 ±11.08 


ND 


1000 


92.5 ± 10.2 


89.4 ±6.2 



ND = not determined. 



DISCUSSION 

It has been suggested that reactive oxygen 
species play an important role in tumour promotion 
(12). Free radical generating compounds such as 
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benzoyl peroxide, lauroyl peroxide and chloroper 
bpnzoic acid have tumour promoting activity in the 
mouse skin (6). 

Eugenol has been reported to posses free radical 
scavenging activity (13). The present study revealed 
that eugenol inhibited in vitro superoxide production. 
Since superoxide dismutase (SOD), the metalloenzyme, 
which protect cells against oxygen mediated 
biological damage (14) is expressed at a low level 
during TPA-mediated tumour promotion, inhibition of 
superoxide production by eugenol assumes significance 
in reducing the tumour incidence. Lipid peroxidation 
products have been shown to cause considerable 
damage to DNA (15). In the present study, eugenol 
was found to inhibit in vitro lipid peroxidation. 
Moreover, we have shown that Eugenol could also 



inhibit the chemical carcinogenesis induced by topical 
application of dimethyl benzanthracene followed by 
croton oil promotion. Because of the known free radial 
scavenging activity of eugenol it could be infered that 
eugenoFs action is mainly in the inhibition of 
promotion. 

The effect of curcumin on TPA-induced tumour 
promotion has been attributed to the inhibition of 
arachiodonic acid metabolism via the lipoxygenase and 
cyclo-oxygcnasc pathways, which result in the 
formation of reactive oxygen species and other free 
radicals (16). Eugenol has been reported to inhibit 
prostaglandin synthesis via promotion by inhibiting 
arach ionic acid metabolism and/or by functioning as a 
scavenger of reactive species that are produced during 
the metabolism of arachidonic acid. 
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